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FIG. 1

Negative electrode of lithium secondary battery

containing metal, a first inorganic solid electrolytic layer
(thickness: a) formed on the metal, and a second inor-
ganic solid electrolytic layer (thickness: b) formed onthe
first inorganic solid electrolytic layer. The thickness ratio
b/a is specified to be more than 0.5.
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Description

[0001] The present invention relates to a material for the negative electrode of a lithium secondary battery.

[0002] Lithium secondary batteries having organic electrolysis solutions have been widely used. Their advantage is
the high energy output per unit volume or unit weight in comparison with other batteries. In exploiting this advantage,
researchers and engineers have been advancing the development and practical applications of the batteries as power
sources for mobile communication devices, notebook-type personal computers, and electric cars.

[0003] In order to improve the performance of a lithium secondary battery, attempts have been made to use metaliic
lithium as the negative electrode. However, the repetition of charge and discharge causes dendritic metallic lithium to
grow on the surface of the negative electrode. This may lead to an internal short circuit between the negative and
positive electrodes, ultimately triggering explosion. To avoid this hazardous situation, engineers have been studying
the formation of an inorganic solid electrolytic layer as the electrolyte on the metallic lithium. They have also been
studying the formation of a protective layer to prevent the surface deterioration of the inorganic solid electrolytic layer.

[0004] However, it remains to be found how the thickness of the inorganic solid electrolytic layer and the protective
layer is to be selected in order to obtain a lithium secondary battery having high charge-discharge efficiency and an
excellent charge-discharge-cycle performance.

[0005] If the inorganic solid electrolytic layer is excessively thick, the prolonged film-formation time increases the
production cost, and bending or other external force exerted during the battery-manufacturing process tends to gen-
erate large cracks in the layer.

[0006] An object of the presentinvention is to offer negative electrode that provides excellent performanceto a lithium
secondary battery.

[0007] The present invention offers a lithium-secondary-battery negative electrode that ccmprises metallic lithium or
a lithium-containing metal, a first inorganic solid electrolytic layer formed on the metal, and a second inorganic solid
electrolytic layer formed as a protective layer on the first inorganic solid electrolytic layer. In the foregoing negative
electrode, when the ratio of the thickness b of the second inorganic solid electrolytic layer to the thickness a of the first
inorganic'solid electrolytic layer b/ais morethan 0.5, a lithium secondary battery that has an excellentcharge-discharge-
cycle performance can be obtained. It is more desirable that the ratio b/a be 1 or more.

[0008] However, if the second inorganic solid electrolytic layer is excessively thick, although the effect of coating is
enhanced, the ionic conductivity decreases and the amount of the second inorganic solid electrolytic layerthat dissolves
in the electrolyte increases, thereby degrading the performance of the battery. Therefore, it is desirable that the fore-
going ratio b/a be less than 2.

[0009] Itis desirable thatthe thickness a of the first inorganic solid electrolytic layer be less than 1 um. The thickness
less than 1 p m can reduce the production cost and suppress the generation of large cracks when bending or other
external force is exerted on the layer during the battery-manufacturing process.

[0010] The firstinorganic solid electrolytic layer may comprise a sulfide-containing lithium-ion-conductive compou nd,
desirably a sulfide-containing lithium-ion-conductive compound that contains at least one member selected from the
group consisting of LisPOy, Li,SiO4, and LizSO,.

[0011] It is desirable that the second inorganic solid electrolytic layer comprise a constituent contained in the first
inorganic solid electrolytic layer except sulfide. This condition enables a satisfactory second inorganic solid electrolytic
layer to grow on the first inorganic solid electrolytic layer. The second inorganic solid electrolytic layer may comprise
a lithium compound containing at least one member selected from the group consisting of LisP Oy, Li4SiOy4, and LipSO,.
[0012] The first and second inorganic solid electrolytic layers may be amorphous.

[0013] The present invention enables the production of a highly stable lithium secondary battery having high energy
density and an excellent charge-discharge-cycle performance

[0014] The following drawing is provided by way of example.

[0015] Figure 1 is a diagram showing the constitution of the lithium-secondary-battery negative electrode of the
present invention.

[0016] Concrete embodiments of the present invention are explained in the following examples. The present inven-
tion, however, is not limited by these examples.

[0017] As shown in Fig. 1, the lithium-secondary-battery negative electrode of the present invention comprises me-

tallic lithium or a lithium-containing metal 1, a first inorganic solid electrolytic layer 2, and a second inorganic solid
electrolytic layer 3.

EXAMPLE 1

[0018] A sheet of copper foil, 100  m in thickness and 100 X 50 mm in size, to be used as a collector was laminated
with a sheet of metallic-lithium foil having a thickness of 50 i m and the same size as the copper foil. A first inorganic
solid electrolytic layer was formed on the metallic lithium by the sputtering method using an Li,S-SiS,-Li;PO, target
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in an argon-gas atmosphere at room temperature. A second inorganic solid electrolytic layer was formed as a protective
layer on the first inorganic solid electrolytic layer by the sputtering method using an LizPO, target in an argon-gas
atmosphere at room temperature. The thickness of the layers was varied. Tables 1 and 2 show the thickness a of the

first inorganic solid electrolytic layer, the thickness b of the second inorganic solid electrolytic layer, and the ratio b/a
of the produced samples.

Table 1
Sample No. Thickness a (u m) Thickness b (u m) b/a Battery performance
1-1 08 0.45 0.56 A
1-2 0.8 0.6 0.75 O
1-3 08 0.8 1 ©®
1-4 0.8 14 1.75 ©
1-5 0.8 1.6 2 O
1-6 0.8 24 3 O
Note: (O : stable after 500 cycles or more O: stable after 300 cycles or more and less than 500
cycles A: stable after 100 cycles or more and less than 300 cycles

Table 2
Sample No. Thickness a (u m) Thickness b (un m) b/a Battery performance
2-1 3 45 15 O
2-2 1 15 15 @)
2-3 0.8 1.2 1.5 ©
2-4 0.1 0.15 1.5 ©
2-5 1 3 3 A
2-6 0.8 2.4 3 (@]
2-7 0.1 0.3 3 O
Note: (0): stable after 500 cycles or more O: stable after 300 cycles or more and less than 500
cycles A: stable after 100 cycles or more and less than 300 cycles

[0019] The structure of the negative electrode was the same as that shown in Fig. 1; i.e., the negative electrode
comprised metallic lithium, a first inorganic solid electrolytic layer, and a second inorganic solid electrolytic layer. X-
ray diffraction results showed that these inorganic solid electrolytic layers were amorphous.

[0020] An electrolyte, LiPFg, was dissolved in a mixed liquid of ethylene carbonate (EC) and propylene carbonate
(PC). The mixed liquid was heated to dissolve polyacrylonitrile (PAN). Thus, the mixed liquid contained a high concen-
tration of PAN. The mixed liquid was cooled to obtain a gelatinous electrolyte comprising LiPFg, EC, PC, and PAN. A
powder of LiCoO, to be used as an aclive material and a carbon powder that gives electronic conductivity were mixed
into the gelatinous electrolyte. The gelatinous electrolyte was applied onto a sheet of aluminum foil (a positive-electrode-
side collector), 20 u m in thickness, to obtain a positive electrode. The layer of the gelatinous electrolyte had a thickness
of 300 u m. The metallic lithium on which inorganic solid electrolytic layers were formed was coupled with the foregoing
positive electrode to produce a battery.

[0021] The charge and discharge performance of the produced batteries was evaluated. Each battery showed the
following results: With a charged voltage of 4.2 V, when the battery was discharged at a rate of 100 mA, it showed a
current capacity of 0.5 Ah (ampere hour) before the terminal voltage decreased to 3.5 V. The energy density was 480
WHh/I (watt hour/liter).

[0022] The charge and discharge cycle was repeated 500 times or more under the same condition as described
above. The results are shown in Tables 1 and 2. In the column “battery performance® in these tables, the sign "©) *
signifies that the battery was stable after 500 cycles or more; "0, stable after 300 cycles or more and less than 500
cycles; and "A", stable after 100 cycles or more and less than 300 cycles.

[0023] The performance-evaluation results in Table 1 demonstrate that it is necessary that the ratio of the thickness
b of the second inorganic solid electrolytic layer to the thickness a of the first inorganic solid etectrolytic layer b/a be
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more than 0.5. The results also demonstrate that it is desirable that the ratio b/a be 1 or more, and less than 2.

[0024] The performance-evaluation results in Table 2 demonstrate that it is desirable that the thickness a of the first
inorganic solid electrolytic layer be less than 1 pm.

EXAMPLE 2

[0025] In the structure used in Example 1, the first inorganic solid electrolytic layer was changed to an Li;S-SiS,-
Li,SiO, composition and the second inorganic solid electrolytic layer was changed to LiySiO4. With other conditions
unchanged, experiments similar to those in Example 1 were carried out. The results obtained were the same as those
shown in Tables 1 and 2.

EXAMPLE 3

{0026] In the structure used in Example 1, the first inorganic solid electrolytic layer was changed to an Li,S-SiSp-
Li,SO4 compaosition and the second inorganic solid electrolytic layer was changed to Li,SO,4. With other conditions

unchanged, experiments similar to those in Example 1 were carried out. The results obtained were the same as those
shown in Tables 1 and 2.

Claims

1. A lithium-secondary-battery negative electrode comprising metallic lithium or a lithium-containing metal, a first
inorganic solid electrolytic layer formed on the metal, and a second inorganic solid electrolytic layer formed on the
first inorganic solid electrolytic layer, in which the ratio of the thickness b of the second inorganic solid electrolytic
layer to the thickness a of the first inorganic solid electrolytic layer b/a is more than 0.5.

2. The lithium-secondary-battery negative electrode as defined in claim 1, wherein the ratio b/ais 1 or more.
3. The lithium-secondary-battery negative electrode as defined in claim 2, wherein the ratio b/a is less than 2.

4. A lithium-secondary-battery negative electrode as defined in any of claims 1 to 3, wherein the thickness a is less
than1um.

5. A lithium-secondary-battery negative electrode as defined in any of claims 1 to 4, wherein the first inorganic solid
electrolytic layer is a lithium-ion-conductive compound containing sulfide.

6. The lithium-secondary-battery negative electrode as defined in claim 5, wherein the firstinorganic solid electrolytic
layer contains at least one member selected from the group consisting of LigPOy,, LiySiO4, and LixSO,.

7. A lithium-secondary-battery negative electrode as defined in any of claims 1 to 6, wherein the second inorganic
salid electrolytic layer is a lithium-ion-conductive compound containing no sulfide.

8. The lithium-secondary-battery negative electrode as defined in claim 7, wherein the second inorganic solid elec-

trolytic layer is a lithium compound containing at least one member selected from the group consisting of LizPOy,,
Li4SiOy4. and LipSOy4.

9. A lithium-secondary-battery negative electrode as defined in any of claims 1 to 8, wherein the first and second
inorganic solid electrolytic layers are amorphous.

10. A lithium-secondary battery comprising a lithium-secondary battery negative electrode as defined in any one of
claims 1 to 9.
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